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Edited by Vladimir SkulachevAbstract Replicatively and oxidatively senescent human ﬁbro-
blasts demonstrate an impaired response to mitogens. To inves-
tigate whether this is due to downregulation of growth factor
receptors we examined their expression in these two types of
senescence. mRNA and protein levels of the insulin receptor
and platelet-derived growth factor (PDGF) a-receptor decreased
in replicatively senescent cells. The PDGF b-receptor and insu-
lin-like growth factor 1 receptor at the protein level also
decreased but remained readily detectable. However, these major
growth factor receptors remained unchanged in oxidatively pre-
mature senescent cells. This suggests that mechanisms underly-
ing diminished responsiveness to mitogens might be diﬀerent in
replicative senescence and oxidatively premature senescence.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cellular senescence is an irreversible growth arrest state in
which cells have lost proliferative capacity but stay viable for ex-
tendedperiods of time.Replicative senescence results from serial
passage in culture and is generally believed to be triggered by
critically shortened telomeres [1–3]. Cellular senescence can be
induced prematurely in early passage cells by agents that cause
DNA damage [4–7] or disrupt heterochromatin [8], or by strong
mitogenic signals [9–11]. Premature senescence can also be in-
duced by exposure of the telomere 3 0 overhang sequence [12].
The phenotype of premature senescence often shares many fea-
tures of replicative senescence, including distinct morphology,
senescence associated b-galactosidase (SA-b-gal) activity and
upregulation of p53 pathway. Telomere shortening, however,
is not associated with such acutely induced premature senescent
cells [13]. This is possibly because cell replication is rapidly
halted in the premature senescent cells and cell replication is
believed to be required for the telomere shortening [14]. Never-
theless, premature senescence can also be achieved in a telomere-Abbreviations: PDGF, platelet-derived growth factor; FGF, ﬁbroblast
growth factor; IGF, insulin-like growth factor; EGF, epidermal
growth factor; SA-b-gal, senescence associated b-galactosidase; Rb,
retinoblastoma; BrdU, 5-bromo-20-deoxyuridine; PBS, phosphate-
buﬀered saline
*Corresponding author. Fax: +44 1223 330598.
E-mail address: jhc36@cam.ac.uk (J.-H. Chen).
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.09.102dependent manner by exposure to mild oxidative stress [14,15].
This is because oxidative stress causes single strand breaks in
telomeric regions which consequently cause accelerated telo-
mere shortening [16,17].
One of the prominent hallmarks of both replicative senescence
and premature senescence is their diminished response to serum
or growth factors. The mechanisms underlying the hyporespon-
siveness tomitogenic stimuli are not fully elucidated.Cellular re-
sponses to external signals are mediated via activation of
complex signalling cascades that ultimately lead to changes in
gene expression. The ﬁrst event in response to mitogenic signals
is the activation of respective cognate receptors, followed by for-
mation of multi-protein complexes, phospholipid turnover, cal-
cium mobilization and activation of protein kinases,
phosphatases and transcription factors. This leads to coordi-
nated regulation of proteins that ensure successful cell prolifer-
ation. The impaired response of senescent ﬁbroblasts to
mitogens suggests inappropriate transmission of signals. De-
crease in expression of cell surface receptors in senescent cells
may be partly accountable for the diminished response to mito-
gens. This has been supported by evidence obtained from
replicative senescence [18,19]. For example, age-related down-
regulation of the epidermal growth factor (EGF) receptor has
been reported in humanmicrovascular endothelial cells [20], hu-
man ﬁbroblasts [21–23] and rat articular chondrocytes [24]. Sim-
ilarly, age-related reductions in the platelet-derived growth
factor (PDGF) binding sites or PDGF receptor have also been
demonstrated in several cell systems including human smooth
muscle cells [25] and human ﬁbroblasts [26]. Decreased expres-
sion of the PDGF b-receptor has been suggested to be a causa-
tive factor for the decreased mitogenic response of ﬁbroblasts
inWerners syndrome, a premature ageing condition [27]. How-
ever, little is known as to whether premature senescent cells also
share the same alteration in terms of receptor expression and
downstream pathways.
The aim of this study was to systematically compare expres-
sion of the insulin receptor and other growth factor receptors
at mRNA and protein levels in replicatively and oxidatively
premature senescent human ﬁbroblasts. This may provide
insight into the potential diﬀerent mechanisms by which repli-
cative and oxidative damage induced senescence occurs.2. Materials and methods
2.1. Cell culture and H2O2 treatment
IMR-90 cells at population doubling (PD) 24.5 were obtained from
the America Type Culture Collection (ATCC). The cells were grown in
ATCC modiﬁed Eagles minimal essential medium supplemented withblished by Elsevier B.V. All rights reserved.
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ml streptomycin (penicillin-streptomycin solution from Invitrogen).
Cells for H2O2 treatment were prepared from the exponential phase
around PD 30. H2O2 treatment was carried out 24 h after seeding by
incubating 2 · 106 cells in 100-mm dishes in 13 ml of the culture med-
ium containing 600 lMH2O2 for 2 h. For a second H2O2 treatment the
cells were 1:2 split after being cultured for 4 days following the ﬁrst
treatment and treated again for 2 h with 600 lMH2O2 24 h after seed-
ing. Trypan blue exclusion assay was carried out to demonstrate that
the treatment did not cause any cell death. IMR-90 cells reached rep-
licative senescence at PD 59.
2.2. BrdU labeling and SA-b-gal assay
Cells were seeded and treated as described above in dishes contain-
ing autoclaved coverslips. For 5-bromo-20-deoxyuridine (BrdU) label-
ing, coverslips were transferred into a 6-well plate and incubated in
2 ml of the culture medium containing 10 lM BrdU for 48 h. Cells
on coverslips were then washed with phosphate-buﬀered saline
(PBS), ﬁxed in 4% paraformaldehyde in PBS, washed twice in PBS,
permeabilized in 0.2% Triton X-100 and washed in PBS. DNA was
denatured by incubation in 2 M HCl for 1 h followed by three washes
with PBS. Coverslips were incubated for 1 h with ﬂuorescein-conju-
gated mouse anti-BrdU monoclonal antibody (1:20 dilution; Alexis
Biochemicals) and with DNA stain TOTO-30-iodide (0.5 lM; Molecu-
lar Probes), washed three times with PBS, and mounted in Antifade
mounting solution (Molecular Probes). For SA-b-gal assay, cells on
coverslips were washed twice in PBS, ﬁxed for 5 min in 4% paraformal-
dehyde in PBS, washed three times in PBS and incubated at 37 C
overnight in fresh SA-b-gal staining solution (1 mg of 5-bromo-4-
chloro-3-indolyl b-D-galactopyranoside [stock = 100 mg/ml of dimeth-
ylformamide]/ml of 5 mM potassium ferrocyanide, 5 mM potassium
ferricyanide, 150 mM NaCl, 2 mM MgCl in 40 mM citric acid/sodium
phosphate, pH 6.0) [26]. At least 500 cells from each time point were
scored under the microscope for BrdU- or SA-b-gal assay.
2.3. Semi-quantitative RT-PCR
Total RNA was extracted from cell pellets using TRI reagent (Sig-
ma) and quantiﬁed spectrophotometrically in capillary cuvettes on
GeneQuant (Amersham Pharmacia Biotech). First strand cDNA was
reverse transcribed from 0.8 lg of total RNA using a 1st Strand cDNA
Synthesis Kit from Roche with random primers p(dN)6 supplied with
the kit. PCRs were carried out as follows: 1 cycle of 94 C for 4 min
and receptor speciﬁcally deﬁned number (see Table 1) of cycles of
94 C for 30 s, 56 C for 45 s, 72 C for 1 min. Primers used for recep-
tor PCR ampliﬁcations and sizes of PCR products are shown in Table
1. PCR products were analyzed by electrophoresis on a 1% agarose gel
followed by densitometry quantitation using an Alpha Imager (Alpha
Innotech Corporation, CA, USA).
2.4. Western blotting
Whole cell lysate was prepared by scraping cells in Laemmli buﬀer
[0.12 M Tris, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol with protease
inhibitors (cocktail from Sigma)]. Protein concentration was deter-
mined by the bicinchoninic acid (BCA) method (Sigma) with BSA as
a standard. 15 lg of proteins were separated by SDS–PAGE and elec-
trophoretically transferred to nitrocellulose membrane. Blots were
probed with the following antibodies: anti-p53 antibody (ab7757,
abcam), anti-p21 antibody (H-164, Santa Cruz), anti-p16 antibody
(H-156, Santa Cruz), anti-retinoblastoma (Rb) antibody (G3-245,
BD PharMingen), anti-insulin receptor b-subunit antibody (sc-711,Table 1
Primers used for RT-PCR
Forward primers (50–3 0) Reverse prim
IR GCGGAAGACAGTGAGCTGTT GATGCGATAG
PDGFR-a CCCAGATGTAGCCTTTGTAC GACCGTCAAA
PDGFR-b ACACTGCACGAGAAGAAAGG CGGTTGTCTT
IGF-1R CATTGAGGAGGTCACAGAG CAAAGACGAA
FGFR1 CTCTATGCTTGCGTAACCAG TTGCTCCCAT
EGFR ACGCAGTTGGGCACTTTTGA TGGTCAGTTT
Actin CAACTGGGACGACATGGAGA ATACCCCTCGSanta Cruz), anti-PDGF a-receptor antibody (sc-338, Santa Cruz),
anti-PDGF b-receptor antibody (06-498, Upstate), anti-ﬁbroblast
growth factor (FGF) receptor 1 antibody (05-149, Upstate), anti-insu-
lin-like growth factor (IGF)-1 receptor antibody (sc-713, Santa Cruz),
anti-EGF receptor antibody (05-104, Upstate) and anti-b actin
antibody (ab6276, abcam). The bound primary antibodies were de-
tected by horseradish peroxidase-conjugated secondary antibodies
(Amersham), followed by enhanced chemiluminesence (Amersham).
The densities of the bands were quantiﬁed using an Alpha Imager
(Alpha Innotech Corporation).3. Results
3.1. Characterization of replicatively and oxidatively senescent
human ﬁbroblasts
Replicative senescent cells were obtained when IMR-90 cells
showed no more population doubling for 10 days after a serial
passage. As shown in Fig. 1(b) replicatively senescent cells dis-
played typical enlarged morphology that was strikingly diﬀer-
ent to that of young cells as shown in Fig. 1(a). The senescence
biomarker, SA-b-gal was also fully detectable in 98% of the
cells at this stage for the senescent cells (Fig. 1(d)) whereas only
14% of young control cells showed SA-b-gal activity
(Fig. 1(c)). Furthermore, p53, p21 and p16 were found to be
upregulated with Rb being hypophosphorylated in the replica-
tively senescing cells (Fig. 1(i), lanes 2 and 3). It is interesting
to note that in the deep senescent cells (4 weeks into senes-
cence) while p53 and p21 decreased as compared to the newly
senescent cells p16 showed a further increase (compare lane 4
to lane 3 in Fig. 1(i)). This is in keeping with cells undergoing
replicative senescence in that p53 senses stresses (e.g., telomere
shortening), which then activates expression of p21 resulting in
cell cycle arrest, whereas p16 is responsible for the mainte-
nance of the senescent state [28,29].
Premature senescence was induced by treating IMR-90 cells
with H2O2 as reported previously [7]. As determined by 48 h
BrdU labeling, permanent cell cycle arrest increased from
16% in young control cells to over 98% in the treated cells
(Fig. 1(e) and (f)). SA-b-gal activity was detectable in 96%
treated cells (Fig. 1(h)). In addition, hypophosphorylation of
Rb and upregulation of p53, p21 and p16 were also detected
in the H2O2-induced premature senescent cells (Fig. 1(i), lane
5).
3.2. Analysis by semi-quantitative RT-PCR
In order to investigate whether permanent cell cycle arrest
in replicatively senescence and oxidative stress-induced pre-
mature senescence is due to alterations in expression of
growth factor receptors we carried out semi-quantitative
RT-PCR to determine relative mRNA levels in young and
senescing IMR-90 cells. As shown in Fig. 2, the insuliners (50–30) PCR product size (bp) Cycle
CCCGTGAAGT (11+) 474/(11) 438 34
GTGTACACCA 463 28
TGAACCACAG 590 29
GTTGGAGGC 431 29
TCACCTCGAT 599 32
CTGGCAGTTC 520 29
TAGATGGGCA 277 28
Fig. 1. Replicatively senescent and oxidative stress-induced premature
senescent cells. (a) Morphology of young dividing IMR-90 cells; (b)
morphology of replicative senescent cells; (c) SA-b-gal assay on young
cells; (d) SA-b-gal assay on replicative senescent cells; (e) BrdU
incorporation assay on young control cells; (f) BrdU incorporation
assay on H2O2 induced premature senescent cells; (g) SA-b-gal assay
on young control cells; (h) SA-b-gal assay on H2O2 induced premature
senescent cells; (i) Western blotting of p53, p21, p16 and Rb in young
control cells (lane 1), near senescent cells (PD58, lane 2), replicative
senescent cells (lane 3), deep replicative senescent cells (4 weeks into
senescence, lane 4) and H2O2 induced premature senescent cells (lane
5). Actin was used as loading control.
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receptor showed progressive decreases when IMR-90 cells
underwent replicative senescence (compare lane 4 to lanes
1 and 3). However, the PDGF b-receptor, IGF-1 receptor,
FGF receptor 1 and EGF receptor did not show any diﬀer-
ence in relation to senescence status (Fig. 2). The decrease in
mRNA levels of the insulin receptor and PDGF a-receptor
seen in replicatively senescent cells was not observed in qui-
escent cells induced by contact inhibition (Fig. 2). Apart
from the IGF-1 receptor which showed an increase in con-
ﬂuence induced quiescent cells, contact inhibition essentiallydid not aﬀect the expression of the receptors analyzed
(Fig. 2, lane 2).
In H2O2 induced premature senescent cells, although the
insulin receptor showed a border-line signiﬁcant decrease
(P = 0.057 by Students t test) as compared to the young
control cells the decrease was not as pronounced as in the
replicatively senescent cells (compare lane 5 to lanes 1 and
4 in Fig. 2). PDGF a-receptor showed no signiﬁcant de-
crease as compared to the control cells, which was in con-
trast to the marked decrease seen in the replicatively
senescent cells (Fig. 2). Receptors for IGF-1, FGF and
EGF as well as PDGF b-receptor did not show any signif-
icant change in the premature senescent cells as compared
to that in replicatively senescent cells (Fig. 2). As measure-
ment of the mRNA level cannot directly account for actual
functional changes in the receptors we next examined the
expression at protein level by Western blotting.3.3. Analysis by Western blotting
In order to see whether the diﬀerential expression of the
growth factor receptors observed at the mRNA level were
also reﬂected at the protein level, we further carried out
Western blot analysis using whole cell lystaes prepared at
various stages during cell senescing. As shown in Fig. 3,
insulin receptor b-subunit decreased progressively as cells
underwent replicative senescence (Fig. 3, lanes 1–4). Further
decrease was not observed in deep senescent cells (4 weeks
into senescence, Fig. 3, lane 5). PDGF a-receptor decreased
markedly in replicatively senescent cells (Fig. 3, lanes 1–4).
A further decrease of the receptor was detected in the deep
senescent cells (Fig. 3, lane 5). Similarly, IGF-1 receptor also
decreased progressively as cells underwent replicative senes-
cence with a further decrease being detected in the deep
senescent cells (Fig. 3). The PDGF b-receptor only showed
a signiﬁcant decrease in the deep replicative senescent cells
(Fig. 3). In contrast to the marked decrease of PDGF a-
receptor, however, a substantial level of IGF-1 receptor
and PDGF b-receptor still could be detected in senescent
and deep senescent cells (Fig. 3, lanes 4 and 5). No decrease
was observed in PDGF a-receptor and IGF-1 receptor in
contact inhibited cells (data not shown). This suggests that
the decrease in the growth factor receptors observed in the
replicatively senescent cells was not related to reversible cell
cycle arrest. FGF receptor 1 level increased as cells
underwent senescence with the increase in the near senescent
cells being statistically signiﬁcant (Fig. 3). EGF receptor
showed no signiﬁcant change in replicatively senescing cells
(Fig. 3).
The protein expression of receptors in H2O2 induced prema-
ture senescent cells did not follow the same pattern as seen in
replicatively senescent cells. Insulin receptor b-subunit showed
a decrease in premature senescent cells but the decrease was
not as signiﬁcant as in the replicatively senescent cells
(Fig. 3, lane 6; P = 0.06). Receptors for PDGF, IGF-1, FGF
and EGF did not show any signiﬁcant changes in premature
senescent cells (Fig. 3). No signiﬁcant changes in the levels of
these receptors could be detected in the premature senescent
cells that had been cultured for three weeks (data not shown).
This suggests that the diﬀerence in protein expression levels
observed in replicative and H2O2 induced premature
senescence did not relate to the period of culture.
Fig. 2. mRNA levels of insulin receptor and other growth factor receptors in replicative senescent cells and oxidative stress-induced premature
senescent cells. Semi-quantitative RT-PCR was used to analyze the relative expression levels of mRNAs of insulin receptor and growth factor
receptors in young control IMR-90 cells (lane 1), contact inhibition induced quiescent cells (lane 2), near senescent cells (PD 58, lane 3), replicative
senescent cells (lane 4) and H2O2 induced premature senescent cells (lane 5). Actin mRNA was used as reference. Results of densitometry analysis are
expressed as arbitrary unit and summarized in the histograms (shown for IR were the combined densitometry values of the two isoforms). The data
represent the mean ± S.E. of three independent experiments. Statistical analysis was performed by Students t test as compared with young control
cells: *P < 0.05, **P < 0.01.
Fig. 3. Protein levels of insulin receptor and other growth factor receptors in replicative senescent cells and oxidative stress-induced premature
senescent cells. Western blotting using respective antibodies was used to analyze protein levels of insulin receptor and growth factor receptors in
young control IMR-90 cells (lane 1), cells at PD56 (lane 2), cells at PD58 (lane 3), replicative senescent cells (lane 4), deep senescent cells (4 weeks into
senescence, lane 5) and H2O2 induced premature senescent cells (lane 6). Actin was used as loading control. Results of densitometry analysis are
expressed as arbitrary unit and summarized in the histograms. The data represent the mean ± S.E. of three independent experiments. Statistical
analysis was performed by Students t test as compared with young control cells: *P < 0.05, **P < 0.01.
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Many studies have attempted to identify genes/proteins that
show age-related changes in their expression in various
senescing cells in order to understand molecular mechanisms
underlying cellular senescence. DNA microarray and proteo-
mic approaches have been employed in this regard and have
generated much useful information in terms of understanding
the changes in metabolism, cell cycle regulation, signal trans-
duction and morphology in senescent cells [30–34]. Toussaint
and co-workers [31] found that some growth factor receptors
such as IGF-1 receptor and EGF receptor showed age- as well
as stress-related diﬀerential expression in human foreskin
ﬁbroblasts. However, candidate analyses of the expression of
growth factor receptors both at mRNA and protein levels in
a deﬁned cell system under diﬀerent types of senescence are still
lacking. In this study we speciﬁcally compared the expression
of the insulin receptor, and other major growth factor recep-
tors in proliferating, replicative senescent and H2O2 induced
premature senescent human ﬁbroblast IMR-90 cells. In cells
which had undergone replicative senescence there was a
reduction in protein expression of the insulin receptor, PDGF
a-receptor, PDGF b-receptor and IGF-1 receptor compared to
young cells. The magnitude of reduction varied greatly among
these receptors; the PDGF a-receptor showed the most
marked decrease (to almost non-detectable levels in deep
senescence) whereas other receptors, such as PDGF b-recep-
tor, only decreased by approximately 10% in deep senescence.
These decreases in protein expression of growth receptors may
contribute, at least in part, to the loss of proliferative capacity
in senescent cells.
Age-related downregulation in cell surface growth factor
receptors have been observed in various cell systems [19]. Con-
sistent with previous reports that the PDGF receptor was
downregulated in ageing cells this study demonstrated a
marked decrease of PDGF a-receptor in replicatively senescent
human ﬁbroblasts. PDGF is a major potent mitogen for ﬁbro-
blasts and other cells [35]. PDGF isoforms are homo- and het-
erodimers of disulﬁde-bonded A- and B-polypeptide chain.
The a-receptor binds both the A- and B-chains of PDGF with
high aﬃnity, whereas the b-receptor binds only the B-chain
with high aﬃnity [35]. It is conceivable therefore that a
decrease in PDGF receptors, particularly such a marked
decrease in PDGF a-receptor may have a major deleterious
eﬀect in cell signalling in senescence. It should be noted, how-
ever, that a decrease in any one particular receptor might not
be responsible for the diminished serum responsiveness in
senescent cells since such a diminished mitogenic responsive-
ness generally occurs in complete culture medium. It is also
worth noting that molecules other than membrane receptors
may also interfere with signalling response to growth factors.
For example, Park and co-workers [36,37] demonstrated that
some membrane proteins that are involved in receptor endocy-
tosis such as caveolin and amphiphysin-1 were respectively up
and downregulated in senescent human ﬁbroblasts and may be
involved in functional inhibition of growth factor signalling.
Similarly, overexpression of osteonectin has been found in
senescent human ﬁbroblasts [38,39] which may be involved
in the inhibition of PDGF signalling [40].
It is well known that both insulin receptor isoforms (IR-A
[exon 11] and IR-B [exon 11+]) can heterodimerise with
IGF-1 receptor to form hybrid receptors [41,42]. These hybridreceptors generally have a higher aﬃnity for IGF-1 than insu-
lin and are therefore believed to provide additional binding
sites to IGF-1 and to increase cell sensitivity to this growth
receptor [42,43]. As the hybrid receptors are predicted to form
randomly it is conceivable that if expression of the insulin
receptor becomes less than that of IGF-1 receptor the insulin
receptor will be more likely to be involved in IR-IGF-1R hy-
brid formation thereby render the cells insulin resistant. This
may be the case in oxidative stress-induced senescent cells as
the insulin receptor showed a decrease (although not statisti-
cally signiﬁcant) whereas IGF-1 receptor remained unchanged
(see lane 6 in Fig. 3). Also, decreases in both insulin receptor
and IGF-1 receptor in replicative senescent cells will inevitably
reduce cell sensitivity to IGF-1.
Among the growth factor receptors that decreased at the
protein level most of them remained readily detectable in repli-
catively senescent cells, suggesting that loss of response to
mitogenic stimulation in senescent cells can not be solely ac-
counted for at the cell surface receptor level. Alteration of
downstream signalling pathways may also contribute to the
diminished responsiveness in senescent cells. Indeed downreg-
ulation of some components in the two major signalling cas-
cades, the PI-3 kinase/PKB(Akt) and the Raf/MEK/ERK
pathways, which are involved in proliferative response to mito-
genic signals have been reported in many cell system (reviewed
in [18,19]). It is conceivable therefore that loss of proliferative
response to mitogenic stimulation is due to the combined con-
sequences of decreases in expression of growth factor receptors
and downregulation of downstream signalling components as
well as alterations in other molecules that interact with the
receptors. It is interesting to note the elevated levels of FGF
receptor 1 in near senescent cells as recent studies indicated
the negative eﬀects of FGFs and FGF receptors on prolifera-
tion of some cell types [44].
Premature senescence induced by oxidative stress shares
morphological as well as many molecular features with replica-
tive senescence [7,45]. The premature senescent cells used in
this study were induced by acute subcytotoxic H2O2 treatment
and displayed a range of markers as in replicative senescent
cells (see Fig. 1). Surprisingly, however, the expression proﬁle
of the insulin receptor and other growth factor receptors did
not reﬂect what was observed in replicative senescent cells.
The insulin receptor showed a decrease in premature senescent
cells but the extent of the decrease was not as signiﬁcant as that
in replicative senescent cells. In contrast to decreased levels in
replicative senescent cells IGF-1 receptor, PDGF a- and b-
receptors in premature senescent cells remained essentially un-
changed as compared with the control young cells.
We have noticed that upon a single treatment with H2O2 a
fraction of cells arrested only temporarily and were able to re-
sume cell cycle whereas the majority of cells underwent senes-
cence [7]. We demonstrated that the heterogeneity in
premature senescence by oxidative stress correlates with diﬀer-
ential DNA damage during the cell cycle [46]. The small frac-
tion of cells that could recover from a single H2O2 treatment
can be largely suppressed by a second H2O2 treatment [7].
The premature senescent cells used in this study were induced
by two H2O2 treatments thus the absence of signiﬁcant de-
crease in growth factor receptors in the H2O2 induced prema-
ture senescent cells is unlikely to be due to heterogeneity in the
cell population. Rather it suggests that there may be distinct
diﬀerences between replicative senescence and acute oxidative
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sis, Toussaint and co-workers [32,33] compared protein pro-
ﬁles between replicative senescence and stress-induced
premature senescence and found that only a part of the protein
expression changes observed in replicative senescence were also
observed in premature senescence. From this proteomic evi-
dence they concluded that replicative senescence and stress-
induced premature senescence have diﬀerent phenotypes [32].
Our observation of the diﬀerence in growth factor receptor
expression between replicative senescence and H2O2 induced
premature senescence is in agreement with this conclusion. It
remains to be investigated whether the loss of response to
mitogenic stimuli in H2O2 induced premature senescence is
due to defects caused in post-receptor signalling components
or oxidative damage of the receptors and/or some membrane
components that are essential for proper ligand-receptor bind-
ing and internalization even though the levels of receptor pro-
teins were not aﬀected.
The clear correlations between mRNA and protein levels for
insulin receptor and PDGF a-receptor both in replicative and
premature senescent cells suggest that these two receptors are
largely regulated at transcriptional level. Such correlations were
not observed for the PDGF b-receptor and IGF-1 receptor sug-
gesting that post-transcriptional regulation may also be in-
volved in the expression of growth receptors.
In conclusion, this study examined for the ﬁrst time the expres-
sionof insulin receptors andothermajor growth factor receptors
at both mRNA and protein levels in human ﬁbroblasts that
underwent replicative senescence and oxidatively premature
senescence. Apart from FGF receptor and EGF receptor all
other major growth factor receptors studied, including the insu-
lin receptor decreased to various extents at the protein levelwhen
cells entered replicatively senescent state, thus, may account at
least in part for loss of response of senescent cells to mitogenic
stimuli. Major growth factor receptors in oxidative stress-in-
duced premature senescent cells, however, remained essentially
unchanged, suggesting that replicative senescence and oxidative
stress-induced premature senescence may be indeed diﬀerent
phenotypes and that defects in post-receptor signalling compo-
nents may be more important for the diminished responsiveness
to mitogens in stress-induced senescent cells.Acknowledgements: This work was supported in part by the European
Union, the Parthenon Trust, the National Institutes of Health and
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